The active convective phase of the Madden Julian Oscillation (hereafter active MJO) comprises enhanced moist deep convection on its own temporal and spatial scales as well as increased variance in convection associated with higher-frequency modes. Synoptic scale cloud superclusters apparently associated with convectively coupled Kelvin waves occur within the active convective envelopes of most MJO events. These convectively coupled Kelvin waves also occur during the suppressed convective phase of the MJO (hereafter suppressed MJO). This observational study presents analysis of outgoing longwave radiation and reanalysis data to determine how these waves behave differently as they propagate through the active and suppressed MJO. (specifically 17 ms -1 ). In contrast, the present work suggests that convectively coupled Kelvin waves have a broad range of characteristic phase speeds, extending from 10-17 ms -1 , depending on both the region of the world and the phase of the MJO through which they propagate. 1
applied by first performing the Fourier transform in longitude, followed by another transform in time. Fourier coefficients outside of the range of the filter are then set to zero and the filtered data are obtained by performing the inverse transform. The filters are shown plotted on a normalized OLR spectrum in Fig. 1 . This spectrum was calculated as described in the Appendix. The MJO band includes eastward wavenumbers 0 to 10 and periods of 30 to 100 days, whereas the Kelvin filter includes periods of 2.5 to 20 days and eastward wavenumbers 1 to 14. This Kelvin wave filter includes a broader region of the wavenumber-frequency domain than was used by Wheeler and Kiladis (1999) and Roundy and Frank (2004) , to help it better diagnose phase speed variability observed associated with individual wave anomalies seen in unfiltered OLR. Tests show that this filter is broad enough to avoid significant spectral ringing effects in spite of the sharp cut-offs of the filter in wavenumber-frequency space (not shown). The expanded filter also allows the filtered data to diagnose patterns relevant to the waves as manifest in other variables. Wheeler and Kiladis (1999) suggest that the spectra associated with Kelvin waves and the MJO vary between OLR and dynamical variables such as temperature and wind. The broad filters applied here should accommodate most signals relevant to Kelvin waves and the MJO in all of the datasets analyzed here. If narrower filter bands were applied instead, each dataset might require a different filter to isolate the relevant signals. Another important potential concern is that signal from the MJO might also be present in the Kelvin band. However, the Kelvin and MJO filters are well separated within the wavenumber-frequency domain-the 20-30 day band is excluded from both filters. Although it is possible that some signals in the Kelvin band are harmonic with the MJO (especially in the 15-20 day range), Wheeler et al. (2000) showed that Kelvin waves produce the dominant coherent signal in eastward propagation in the 3-20 day band. Eastward inertio gravity waves also occur in the band, but these produce less OLR variance than Kelvin waves, and since they are antisymmetric across the equator, their signals are largely removed from the Kelvin time index by the crossequatorial averaging used to derive the index.
Nonlinear interactions between waves such as those suggested here would invalidate the strict superposition principle for convectively coupled waves assumed in many studies (e.g., Wheeler and Kiladis 1999; Roundy and Frank 2004a) . However, the filtering method remains effective in diagnosing the portions of both the waves themselves and the contributions of nonlinear modulation effects that occur in the same filter band. Nonlinear interactions might also produce anomalies that occur outside of the wavenumber-frequency bands of either of the interacting modes. Both filtered and unfiltered data are utilized here to generate composites, to discern the patterns associated with nonlinear behavior that occur both in and out of the Kelvin band.
Compositing Technique
Composites were made by averaging unfiltered or Kelvin filtered data over sets of dates (and time lags from those dates) obtained from analysis of the MJO and Kelvin wave time indices. Lists of dates of local maxima and local minima in the MJO index were generated, and another list of dates was made including all local minima in the Kelvin wave index. The lists of minima (maxima) were generated by finding all dates on which the index was less (greater) than the index values on both the preceding and the following days. Dates were then eliminated from the lists if the corresponding values of the time indices were not more than 1 standard deviation (SD) above or below zero (to exclude low-amplitude noise). The resulting primary list of Kelvin wave OLR minima included 891 members. Two subsets of the Kelvin wave date list were made based on the phase of the MJO in which they occurred. The first subset included only those Kelvin wave events that occurred within 5 days before and after MJO OLR minima. This subset included 158 members.
The second subset included only those Kelvin waves that occurred within 5 days before or after MJO OLR maxima. This subset included 130 events. Composite Kelvin waves were generated based on averaging filtered and unfiltered data over these three sets of dates. Unfiltered data applied here have the MJO frequency band (30-100 day periods) subtracted since some composites are made with reference to the MJO but the MJO is not the focus of the analysis.
These two subsets are both smaller than the set of Kelvin wave events potentially modulated by either phase of the MJO. Although many other Kelvin wave events could be included in the subsets, this method ensures that composites calculated for these events retain a well-defined pattern of MJO phase (see below). Note that the subset of dates during the active MJO is longer than the set for the suppressed MJO. Dunkerton and Crum (1995) suggest that these waves occur more frequently during the active MJO than other times, so it is useful to examine the distribution of MJO band OLR anomalies on the dates of these Kelvin wave events. Figure 2 is a histogram of the values of the MJO index on the dates of the Kelvin wave index minima. This result suggests that although high-amplitude Kelvin waves occur during all stages of the MJO, approximately 24% more occur when the local MJO OLR anomaly is negative than when it is positive. The probability that individual composite anomalies are significantly different from zero was assessed by applying 1000 bootstrap experiments (as in Roundy and Frank 2004b) . These experiments were performed by randomly selecting new samples of events from the original sample, and generating a new composite for each new sample. Any individual event was allowed to be drawn any number of times when selecting a new sample. This process results in a distribution of composite values at each grid point and time lag. The probability that each composite anomaly is significantly different from zero is determined by locating the zero anomaly line within the distribution, assuming the null hypothesis that the actual mean value is zero. Further similar tests were applied to determine the significance of the differences between composites generated for the convectively active and suppressed phases of the MJO, by comparing the two relevant bootstrap distributions and assuming the null hypothesis that the two means are the same (e.g., Wilks 2006) .
Results

a. Longitude time-lag composites 1) MJO Background State
Before showing the composite Kelvin waves, it is convenient to show composite MJO-filtered OLR and zonal winds, which give the MJO portion of the background states through which the composite Kelvin waves shown below propagate. Since MJO phase was utilized in defining the sets of dates on which Kelvin waves crossed the 80°E base point, averaging MJO-filtered data over the same sets of dates reveals the MJO structures relevant to the composite Kelvin waves. From lag=-2 to 0 days, westerly flow is spread broadly over the region from 10°N to 10°S to the west of the negative OLR anomaly, but within the negative OLR anomaly, equatorial westerly anomalies are confined to a much narrower latitude band between the cyclonic gyres. At lag -2 days the southern hemisphere circulation lies to the west behind the northern hemisphere circulation, but the two circulations become more symmetric across the equator with increasing time lag. This composite pattern is generally similar to other Kelvin wave composites in that the zonal wind dominates the low-level flow, with low-level westerly anomalies in active convection and easterly anomalies often occurring in suppressed convection (e.g., Wheeler et al. 2000; Straub and Kiladis 2003a) . As suggested by the proximity of the gyres to the deep convection, they likely develop in response to the release of latent heat in the equatorial convective anomaly. In an analysis of Kelvin waves over the Pacific, Straub and Kiladis (2003b) showed gyres associated with the forcing of Kelvin waves by incursion of extratropical waves into the equatorial region. The gyres in the present analysis develop near the equator within the region of deep convection, so they are not likely to be related to those discussed by Straub and Kiladis (2003b) . In any case, the presence of these gyres in the composites suggests that they form systematically and that they appear with sufficient consistency to be associated with the Kelvin wave OLR anomalies at specific longitudes. Composite Kelvin filtered winds and OLR based on the same set of dates used to calculate the composites in panels a-c are nearly identical to these composites (not shown) until lag 2 days (panel c), when stationary and westward-moving features become a significant part of the pattern (See also Fig. 4a ), suggesting that most of the signal relevant to the mean convectively coupled Kelvin wave lands within the Kelvin band shown in Fig. 1 . However, off the equator, a pair of broad cyclonic circulations develops on and after lag -1 days in a pattern that is nearly symmetric across the equator. These circulations remain significantly different from zero up to lag +6 days and remain largely stationary over the central and eastern basin, although further plan view composites suggest slow westward-propagation after lag +2 days, consistent with an n=1 equatorial Rossby wave (Matsuno 1966; Wheeler and Kiladis 1999; Roundy and Frank 2004) . This circulation pattern is apparently left behind as convection coupled to the Kelvin wave weakens in response to large-scale suppression of convection by the MJO. The gyre pattern maintains the equatorial westerlies shown in Fig. 6b through lag=+6 days. These gyres are larger and develop farther west than those that occur in the composite of all Kelvin waves (Fig. 6 ac ). show the vertical "boomerang" structure in winds and temperature described by Wheeler et al. (2000) . Figure 9 shows that this boomerang pattern in winds and temperature occurs along with a pattern of low-level moistening east of the negative OLR anomaly followed by deep moisture coincident with and immediately to the west of the negative OLR, in turn followed by a pattern of 
Conclusions
Composite average OLR and reanalysis data reveal patterns commonly associated with Although the horizontal wind patterns associated with the composite waves are similar near the equator to the theoretical Kelvin mode, the observed waves exhibit systematic relationships with low-level cyclonic circulations paired across the equator and include substantial meridional flow anomalies off the equator. These meridional flow anomalies are frequently stronger than the zonal flow anomalies associated with the waves, especially in the upper troposphere as the waves propagate through the active MJO. These observations as well as most previous analyses by others suggest that these waves are more than just Kelvin waves-they also include structures consistent with the response to a heat source moving eastward along the equator (e.g., Straub and Kiladis 2003a; Chao 2007; and others) . In the context of the striking differences between the observed waves and pure Kelvin waves, in order to reduce potential confusion associated with use of the term "convectively coupled Kelvin waves", Chao (2007) suggests that these waves be labeled "chimeric
Kelvin waves" because they include "parts of different origin" than pure Kelvin waves.
Consistent with Wheeler et al. (2000) , Straub and Kiladis (2003a) , and others, low-level westerly anomalies near the equator tend to be collocated with active convection and easterly anomalies with suppressed convection. The present analysis further suggests that circulations linked to the Kelvin waves that are probably associated with the release of latent heat in moist deep convection coupled to the Kelvin waves. These circulations amplify as the waves cross the Indian
Ocean, but then get left behind the diminishing convective anomalies over the eastern basin, resulting in residual low-level, low latitude westerly anomalies remaining up to a week after Kelvin wave passage (Fig. 4) . These circulations tend to be released over the central basin during the suppressed MJO and near 100°E during the active MJO. Equatorial OLR anomalies diminish rapidly where the circulations become stationary or start moving westward, suggesting that the circulations become free from the Kelvin waves because convection coupled to the waves begins to break down. The island of Java (near 100°E) apparently facilitates the disruption of organized convection coupled to Kelvin waves, so it is a favored location for release of the gyres during the active MJO. Frank and Roundy (2006) or by Bessafi and Wheeler (2006) in their analyses of relationships between convectively coupled waves and tropical cyclogenesis. Averages were made for panels a-c over the same set of dates used in Fig. 3a , panels d-f used the same set of dates as in Fig. 3b , and g-i used the same set of dates as in Fig. 3c . Averages were made for panels a-c over the same set of dates used in Fig. 3a , panels d-f used the same set of dates as in Fig. 3b , and g-i used the same set of dates as in Fig. 3c . Figure 8 Composite Kelvin band zonal wind (ms -1 ) averaged from 5°N to 5°S for a, the set of all active convective phases of Kelvin waves with OLR anomalies less than one standard deviation below the mean, b, the subset of the events in panel a that occurred within 5 days before or after the OLR maxima of suppressed convective phases of the MJO, and c, the set of Kelvin waves within 5 days of the OLR minima of the active convective phases of the MJO. Shading begins at 0.1 ms -1 , with additional contours every 0.1 ms -1 . The heavy line outlines where anomalies exceed the 95 percent level for difference between panels b and c. 
